The regulation of sterol synthesis rates in the fetus is uncharacterized, as is the mechanism responsible for the gestation-related decrease in sterol synthesis rate. In adult tissues, sterol synthesis rates are regulated by the sterol regulatory element binding proteins (SREBPs) (reviewed in (14-16)). There are three active SREBPs in adult tissues, SREBP-1a, -1c and -2; SREBP-1c is much more prevalent in tissues than is SREBP-1a (17). The SREBPs are membrane-bound transcription factors that are synthesized as precursors and bound to the endoplasmic retituclum (ER) and nuclear envelope (14) . The carboxy terminus of the membrane-bound SREBPs bind to the SREBP cleavage-activating protein (SCAP) and are transported to a post-ER compartment, most likely the Golgi, where the SREBPs are cleaved by Site-1 and Site-2 proteases (18, 19). The mature forms of the SREBPs are then transported to the nucleus where they increase transcription of numerous genes, including HMG-CoA reductase and synthase, farnesyl diphosphate synthase and squalene synthase (20) (21) (22) . Several factors regulate the levels of cellular SREBP, including cholesterol and fatty acids. In the presence of a high cellular cholesterol concentration, the SREBPs are not processed to the mature form due to the rapid degradation of SCAP within the ER; the mature SREBP concentration is relatively low. When sterol concentration is low, SCAP attaches to the SREBPs to stabilize the protein and aid in transport to the Golgi where the Site-1 protease is located, thereby increasing the amount of mature SREBP (23, 24). Polyunsaturated fatty acids reduce the mature form of SREBP-1 independent of a change in the amount of the membrane bound form (25). Even though both SREBPs are involved in the overall maintenance of sterol homeostasis, each regulatory element has a specific role in maintaining balance: SREBP-1c is responsible for maintaining basal rates of sterol synthesis whereas SREBP-2 is responsible for the induction of synthesis rates during times of sterol depletion (26).
Both SREBP-1 and SREBP-2 are necessary for normal fetal development (27). When SREBP-2 expression is halted by disruption of the gene, all embryos die in utero at 7-8 days of gestation. When SREBP-1c is not expressed, only 50-85% of the embryos die in utero at a later stage of development. As one might then expect, both SREBP-1 and -2 are expressed in the human fetal liver (28). Interestingly, the membrane-bound precursor form of SREBP-1 is absent in some of the fetal livers (28).
It is not evident from these results alone that cholesterol deficiency is the primary cause of embryonic lethality in the SREBP-/-embryos since a lack of SREBPs will also lead to decreases in fatty acid synthesis rates and in various cholesterol synthesis intermediates, such as farnesyl, that are needed for other cellular processes. A significant collection of data exists, however, that demonstrates the importance of cholesterol synthesis in fetal development.
Currently, there are 4 known disruptions in the sterol synthesis pathway that lead to congenital defects in the human fetus. It is possible that the frequency of defects is underestimated since embryos may be spontaneously aborted very early in gestation as a result of severe abnormalities, as in mice with a disrupted squalene synthase gene (29). The most common alteration in sterol biosynthesis which leads to a congenital defect is a deficiency of 3beta-hydroxysteroid-delta 7 -reductase. Embryos lacking this enzyme develop the Smith-LemliOpitz syndrome (SLOS) (30) which has an estimated prevalence of 1:7,000 to 1:20,000 live births, depending on the population studied (31-33).
Persons with this biochemical defect have very low cholesterol concentrations and elevated 7-and 8-dehydrocholesterol concentrations in tissues and plasma (30). The characteristics of these individuals include craniofacial and neurological abnormalities, at times including forms of holoprosencephaly (HPE) which is the lack of a forebrain, and affected organs and limbs (34, 35). The defects do not appear to be related to an excess of 7-dehydrocholesterol, but rather to a lack of cholesterol (36). Other congenital defects associated with a reduction in the amount of cholesterol synthesized include mevalonic acid kinase deficiency in which mevalonic acid is not converted to mevalonate pyrophosphate (37), desmosterolosis in which delta 24 -reductase is absent and desmosterol builds up (38, 39), and chondrodysplasia punctata 2 in which 3beta-hydroxysteroid-delta 8 ,delta 7 -isomerase is absent and delta 8 -cholestenal and 8-dehydrocholesterol accumulates (40, 41). These three less common syndromes are all associated with severe neurological and/or craniofacial abnormalities.
Congenital defects can also be generated in various animal models given drugs that inhibit cholesterol synthesis. The earliest evidence of this was inadvertently discovered when it was observed that consumption of Veratrum californicum by pregnant ewes led to cyclopia in their offspring (42, 43). The consequences of the ingestion of this plant were traced to two alkaloids, jurvine and cyclopamine, which are structurally similar to cholesterol and which inhibit cholesterol synthesis at a distal step in the pathway (44). The effects on offspring were found to be consistent in all ruminants and rodents studied (45). Similarly, consumption of AY9944 and BMI15.766, two other compounds which inhibit cholesterol synthesis, will also lead to neurological defects, including HPE (46-48). It should be noted that the alkaloids, AY9944, and BMI15.766 may also affect cholesterol esterification within cells (44, 49). Inhibition of cholesterol synthesis early in the sterol synthesis pathway is also detrimental and can lead to deformities as demonstrated by consumption of the early generations of HMG-CoA reductase inhibitors (50).
Exogenous sources of cholesterol
It is apparent from the previous discussion that de novo cholesterol synthesis is critical for fetal development. The fetus, as in any tissue, has a second potential source of cholesterol which is derived exogenously. There has been much debate over the entry of exogenous cholesterol, specifically maternal-derived cholesterol, into the fetus because of 1) extremely high rates of fetal sterol synthesis (3-10), 2) in vivo sterol synthesis rates that can account for essentially all of fetal cholesterol accrued in the fetal rat (3, 5), 3) the inconsistent rate of transfer of radiolabeled cholesterol from the maternal circulation to the fetus (51-56), and 4) the fact that the fetus does not come in direct contact with the maternal circulation. Recent data does support a role for exogenous cholesterol in fetal development, however. First, a drug-induced SLOS-like syndrome in rodents can be reversed with an increase in maternal plasma cholesterol (36, 47, 57). Second, apoAI-null fetuses within dams of a similar genotype are smaller and have a lower cholesterol content than do fetuses expressing apoAI within like dams (58). This effect is not directly due to the apoAI deficiency within the fetus itself, but rather to the low plasma HDL-cholesterol concentration within the maternal circulation. Third, fetuses of hypercholesterolemic mothers have a greater accumulation of lipid in the aorta, implying that maternal cholesterol is crossing into the fetus and changing metabolism within the fetal tissues (59).
The fetus is unique from other tissues because, if it does obtain exogenous cholesterol, it does so from the two extra-embryonic fetal tissues that form a barrier between the fetus and the maternal circulation, the yolk sac and the placenta. A variety of essential nutrients, such as oxygen and glucose, must reach the fetus through various transport processes. Since some nutrients pass through the yolk sac and placenta and some do not, these tissues are essentially the gatekeepers for the fetus.
To fully understand how the yolk sac and placenta might transport cholesterol to fetal vessels, a basic understanding of the physiology and anatomy of these tissues is necessary.
The yolk sac is formed first during gestation and is derived from the inner cell mass of the blastocyst. The endoderm cells of the yolk sac of most species, including the rodent, human and avian, are polarized with an apical and a basolateral side. Rodents have an inverted yolk sac whereas humans and birds do not. The yolk sac can take up numerous maternal constituents from the yolk sac cavity via a variety of transport processes. Some of these constituents can cross the endoderm cells and can be secreted into the vitelline vessels leading to the fetus (reviewed in (60, 61)). Shortly after the formation of the yolk sac, the trophoblasts coalesce to form the placenta. The human syncytiotrophoblasts and the outer layer of trophoblasts of rodents are bathed in maternal blood and tissue secretions and also can take up a variety of maternal constituents. Some of these maternal-derived components can also cross the trophoblasts and be secreted into the umbilical vein leading to the fetus (reviewed in (62, 63)).
Assuming exogenous cholesterol does enter the fetus, it will originate from cholesterol synthesized within the yolk sac and/or placenta or from cholesterol within the maternal circulation. Thus, for exogenous cholesterol to have an impact upon fetal development, a mechanism must be present by which the yolk sac and/or placenta can take up cholesterol from the maternal circulation, transport lipids across the cells and/or secrete the maternal-derived or newly synthesized sterol to the vessels leading to fetus. Numerous data does exist that demonstrate the yolk sac and placenta take up circulating maternal cholesterol in the form of LDL and HDL (3, 60, 64-67). The lipoproteins are taken up by receptormediated and receptor-independent transport processes (64). The lipoprotein receptors expressed by these tissues are numerous and include, the LDL receptor (64, 68), scavenger receptor, class B, type I (SR-BI) (64, 69), the VLDL receptor (70), the apoE receptor 2 (71) the acetylated LDL receptor (67), megalin (72, 73) and cubulin (gp280) (74) (75) (76) .
In the yolk sac, the maternal-derived lipoproteincholesterol or newly synthesized cholesterol is potentially transported to the basolateral side of the cells by being incorporated into lipoproteins formed within the endoderm cells (77) (78) (79) . Various factors can affect the lipoprotein formation in the endoderm cells, including exogenous fatty acid concentration (80) and age (80, 81) . Triglyceride and cholesterol concentration may also affect lipoprotein formation, assuming the regulation of lipoprotein formation in these cells is similar to that in hepatocytes (82, 83) (Xie, Woollett and Dietschy, unpublished data). Thus, an excess of maternal-derived cholesterol in the yolk sac, as seen in dams with high plasma cholesterol concentrations (McConihay and Woollett, unpublished data), could either be incorporated into the lipoproteins themselves and/or stimulate lipoprotein secretion as a result of a change in tissue sterol concentration.
The transport of cholesterol across trophoblasts is not presently defined. However, recent observations have allowed for speculation of the processes involved in this transport. In one study, lipid droplets, possibly including cholesterol, were found to be secreted into the umbilical vein (84) . Another recent observation which may help delineate the role of the placenta in the accretion of fetal cholesterol was that mRNA levels for the ATP binding cassette transporter 1 (ABC-A1), a protein involved in cholesterol transport (85-87), were very high (88) . When this transporter was deleted from tissues by a targeted mutation, a portion of the fetuses lacking functional ABC-AI died in utero (89). These data lead to the conclusion that this transporter may aide in the efflux of cholesterol from trophoblasts to various acceptors in the fetal circulation. Thus, mechanisms may be present in both the endoderm cells and trophoblasts by which maternal plasma cholesterol and/or cholesterol synthesized de novo within the extra-embryonic fetal tissues can cross the tissues and be secreted into vessels leading to the fetus.
Similar to what is found in animals and humans with abnormal sterol synthesis, a significant disruption in the uptake or transport of maternal lipid across the extraembryonic fetal tissues can result in severe fetal abnormalities in the rodent. At the present time, it is not possible to distinguish if the defects are due to a lack of cholesterol or other lipids, such as Vitamin E. There appear to be three distinct types of exogenous sterol or lipid deficiency. First, when lipoprotein formation by the yolk sac is halted due to a truncated form of apoB, absent apoB or absent microsomal transfer protein, abnormal brain development occurs early in gestation (90-92). Cholesterol is implicated as a contributing factor for this defect since the cholesterol concentrations of fetuses of apoB knockout dams are less than those of fetuses of control dams (78) . In addition, these fetal rodents are phenotypically similar to those found in animals with low sterol synthesis rates. It should be noted that the human fetus successfully develops without apoB formation in the yolk sac as demonstrated by abetalipoproteinemia (93) . The yolk sac does make other apolipoproteins which may account for this discrepancy (79) . Second, when various lipoprotein receptors on the endoderm cells of the yolk sac are depleted, embryonic lethality and/or HPE develops. The receptors that are fundamentally important for normal fetal development include megalin, the lipoprotein receptor-related protein (LRP), SR-BI, and cubulin (gp280) (74, (94) (95) (96) . A decrease in cholesterol uptake by the endoderm cells could have a two-fold effect. 1) If less cholesterol is taken up by the endoderm cells, the concentration of cholesterol within the cell will be lower (58). A lower cholesterol concentration could lead to fewer lipoproteins being synthesized and less lipid being presented to the fetus. 2) If less cholesterol is taken up by the endoderm cells, then less cholesterol will be secreted into the vitelline vessels leading to the fetus. The lack of sterol uptake would have to be significant since a marginal reduction can be compensated for, at least partially, by an increase in sterol synthesis rates within the endoderm cells themselves (58). Another possibility is that the fetuses themselves require expression of these lipoprotein receptors for normal development. The third type of exogenous lipid deficiency is due to a disruption in normal placentation. The placenta secretes lipids, possibly including cholesterol, into the umbilical vein. Inhibition of lipid droplet formation results in fetal lethality (84) .
Modification of Sonic hedgehog by cholesterol in the fetus
A renewed interest in the role of cholesterol in fetal development has occurred during recent years primarily as a result of two interrelated findings. First, Sonic hedgehog (Shh), one of the signaling molecules involved in spatial patterning of the forebrain, requires covalent attachment of cholesterol to induce autoproteolysis and activation (1, 97). Second, the druginduced development of severe craniofacial defects can be halted by increasing maternal cholesterol early in gestation (36, 47, 57).
Shh is a member of a family of secreted signaling molecules involved in cellular differentiation during development (reviewed in (98, 99) ). It is found in numerous embryonic structures, including the notochord, the floor plate of the neural tube and the zone of polarizing activity (reviewed in (100, 101) ). Shh is synthesized as an inactive protein which is activated after autoprocessing, including attachment of cholesterol and cleavage into a catalytic activity-containing C-terminus and a receptorbinding N-terminus (1).
Once cleavage occurs, the cholesterol remains bound to the N-terminus or the signaling domain (1); palmitate is also found bound to this domain (102) . It has been theorized that the lipids linked to Shh are involved in the tissue and spatial distribution of the protein (reviewed in (100, 101) ). Many studies examining the role of the hedgehog family of genes, including Shh, have been completed with the Drosophila hedgehog protein (Hh). The receptor for Hh and Shh is Patched (Ptc) (103, 104) , a transmembrane protein with a sterol sensing region similar to that found in other proteins involved in cellular sterol homeostasis (105) . Patched appears to repress signaling by way of Smoothened (Smo). Once Hh is bound to Ptc, the inhibitory effect on Smo is released and the major transcriptional factors of Hh are activated, such as the Gli/Ci family of DNA-binding proteins (reviewed in (100, 106) ).
Hh and Shh are pivotal for normal development in Drosophila and vertebrates, respectively, and mutations in Shh lead to severe malformations in the forebrain in both rodents and humans (97, 107) .
As might be expected, rats given drugs which inhibit sterol synthesis rates have lower cholesterol concentrations and lower levels of Shh (108) . In addition, the alkaloids that lead to cyclops formation in pregnant ewes also inhibit the Shh signaling (44, 109, 110). It appears that the alkaloids may also be affecting how the target tissue which contains the sterol-sensitive patched responds to the binding of Shh (44). A lack of Shh activity has been implied in SLOS fetuses since this population of individuals has a lower tissue cholesterol concentration (30) and a higher occurrence of HPE than the general population (111) . Thus, the ability to increase fetal cholesterol concentration at a time when the forebrain is beginning to develop and Shh is most active could have a significant impact on the outcome of some pregnancies.
FETAL FATTY ACIDS

Endogenous sources of fatty acids
The fetus has significant fatty acid synthesis rates even though it obtains a significant amount of its fatty acids from the maternal circulation (112, 113) (Schmid and Woollett, unpublished data). As with cholesterol, the regulability of these elevated synthesis rates fetus is unknown. In the adult, fatty acid synthesis rates are regulated by various factors and hormones (16, 114, 115), including SREBP-1c and the peroxisomal proliferating activator receptor (PPAR). The factors affecting SREBP1c expression were discussed in a previous section. There are three types of PPARs that belong to the nuclear receptor superfamily, each with a different tissue expression profile (alpha, delta, and gamma) (116) . Upon activation by fatty acids, fibrates, eicosanoids and thiazolidinediones, the PPARs form a heterodimer with the retinoic acid receptor (RXR) and affect transcription of various genes involved in the maintenance of lipid metabolism (reviewed in (115, 117) ). PPAR alpha and gamma affect fatty acid synthesis differently in various tissues, whereas the role of PPAR delta in fatty acid homeostasis is unclear at the present time (reviewed in (115, 117) ). Interestingly, PPAR delta mRNA is expressed first in the fetal mouse by day 9.5 of gestation and is the only PPAR expressed until late into gestation (118) . Thus, the regulation of fatty acid synthesis may be different in the fetus and the adult due to the sole presence of PPAR delta and the as yet undefined regulation of SREBPs in the fetus (112).
Exogenous sources of fatty acids
Exogenous fatty acids readily cross into the fetal circulation via both the placenta and yolk sac. The yolk sac takes up fatty acids in the form of lipoprotein-triglyceride from the maternal circulation (64). The triglycerides are hydrolyzed within the lysosomes (reviewed in (60)) and, if the endoderm cells synthesize lipoproteins as hepatocytes do, the maternal or newly synthesized fatty acids are packaged and secreted into the vitelline vessels as lipoproteins (83) . In the placenta, fatty acids either are taken up as circulating maternal fatty acids via one of several fatty acid binding proteins expressed on the maternal surface of the trophoblasts, or are taken up after triglyceride hydrolysis on the cell surface by lipoprotein lipase or endothelial lipase (119) . The maternal and newly synthesized fatty acids are then transported across the cell by fatty acid binding proteins and secreted into the umbilical vein leading to the fetus (120) . The maternal exogenous fatty acids are necessary since about 50% of the fatty acids within the developing brain consist of the long chain, maternal-derived PUFA (121) . Interestingly, it appears that these fatty acids which are critical to neurological development are preferentially taken up by the trophoblasts, transported across the cells and secreted into the umbilical vein (120, 122).
Fatty acid oxidation
In the adult, a major source of energy is derived from oxidation of fatty acids. However, in the fetal tissues, glucose oxidation seems to be a primary source of energy (123) . Some fatty acid oxidation does occur in the fetus, however, possibly as a source of acetyl CoA units to be used for cholesterol synthesis within the brain (124) . The non-oxidized fatty acids are stored in the fetus to be oxidized for energy perinatally (125).
SUMMARY
Lipids are essential to the fetus and can originate from exogenous and endogenous sources.
A change in concentration or composition of the lipids obtained by the fetus from either source could have a dramatic impact on the outcome of certain high-risk pregnancies. For example, the ability to increase cholesterol synthesis rates or cholesterol uptake from the maternal circulation very early in gestation when the neural crest is just beginning to form could enhance Shh activity and improve forebrain development.
In addition, dietary PUFA could dramatically change lipid metabolism within the fetus via SREBP and PPAR, depending on how the fetus responds to known stimulants of these metabolic regulators. The use of this information could be critical in the prevention of congenital defects or spontaneous abortions in women with a known predisposition for these defects, or in treatment of small-for-age fetuses. Even though there are numerous factors that lead to some of the congenital defects, including HPE, the number of fetuses that could be affected are significant since 1:250 concepti have HPE (126). However, more data needs to be collected before recommendations can be made. 
